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Abstract: The effectiveness of structural elements employed for stormwater mitigation such 
as bioretention basins and constructed wetlands depend on the compatibility between their 
design specifications and actual stormwater quality and quantity characteristics. These 
structural elements are commonly designed to accommodate the initial portion of runoff 
considering the occurrence of first flush. Therefore, the effectiveness of stormwater quality 
treatment primarily depends on the in-depth knowledge of the first flush phenomenon and the 
ability to provide appropriate treatment. The current scientific knowledge relating to first 
flush is limited primarily due to research investigations being undertaken based on lumped 
rainfall and runoff parameters. This paper presents the outcomes of an in-depth study 
undertaken of the first flush phenomenon using a set of indicators which are not only 
innovative, but is also able to accurately represent the characteristics of the different sectors in 
a runoff hydrograph. The analysis undertaken confirmed that pollutant wash-off during the 
initial 10% of runoff volume was critical for the occurrence of first flush. Typically first flush 
was found to last up to 40% of the runoff volume. The study outcomes provide new 
knowledge to enhance the effectiveness of structural stormwater treatment measures. 
Keywords: first flush; stormwater quality; stormwater pollutant processes; multivariate 
analysis 
Introduction 
Stormwater is one of the most important sources of receiving water degradation. Research 
literature has commonly noted that pollutant loads and concentrations originating from urban 
areas are significantly higher when compared to rural catchments. Even more significantly, 
the physico-chemical diversity of the urban stormwater pollutants is comparatively greater, 
leading to more sustained and irreversible impacts on the receiving water environment 
(Goonetilleke at al. 2005). 
In the treatment of urban stormwater pollution, Water Sensitive Urban Design (WSUD) 
structural treatment elements such as bioretention systems and constructed wetlands play a 
key role. The ability of these structural elements to deliver expected treatment outcomes is 
directly dependent on their design specifications in the context of stormwater quality and 
quantity characteristics. 
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WSUD structural elements are commonly designed to accommodate the initial portion of 
the stormwater runoff assuming first flush occurrence. First flush refers to the transport of a 
high fraction of pollutants at the initial part of a runoff event. Consequently, the effectiveness 
of stormwater quality treatment primarily depends on the in-depth knowledge of the first flush 
phenomenon. Despite the fact that numerous studies have focused on understanding the first 
flush phenomenon and investigation of the influence exerted by rainfall parameters on first 
flush, the outcomes have been inconsistent. 
The conventional practice for evaluating the influence of rainfall parameters on first flush 
is to select a specific first flush indicator and to evaluate its behaviour with respect to rainfall 
parameters. For example, Li-Qing et al. (2007) selected percentage of pollutant load 
washed-off at 30% of the runoff volume (referred to as FF30) as the first flush indicator, 
which was then evaluated using event based rainfall parameters such as rainfall depth, rainfall 
duration, maximum rainfall intensity and runoff volume. Similarly, Taebi and Droste (2004) 
investigated first flush occurrence using the indicator FF20, which is the percentage of 
pollutant load at 20% of the runoff volume.  
The validity of past investigations of first flush of this nature is questionable. This is 
because the selected first flush indicator is a lumped parameter and cannot truly represent the 
first flush characteristics. Consequently, this makes it difficult to achieve a quantitative 
understanding of the first flush phenomenon and how it is influenced by changes in rainfall 
characteristics during the course of a rainfall event. This underlines the importance of 
selecting an appropriate set of first flush indicators and corresponding rainfall parameters for 
first flush investigations.  
This paper presents the outcomes of an in-depth study undertaken of the first flush 
phenomenon using a set of indicators which are not only innovative, but is also able to 
accurately represent the characteristics of the different sectors in a runoff hydrograph. The 
research study was based on field data collected from three urban residential catchments. 
Analysis was performed by demonstrating first flush behaviour using graphical methods and 
selecting a novel indicators set to represent the complex behaviour inherent to first flush. The 
outcomes from this study are expected to contribute to more effective structural stormwater 
treatment measures and in turn the greater protection of the receiving water environment in 
addition to providing a more in-depth understanding of the first flush phenomenon in urban 
catchments. 
Materials and methods 
Study sites 
Stormwater runoff and water quality data required for the study was gathered from three small 
urban residential catchments located at ‘Coomera Waters’ residential estate, Gold Coast, 
Australia. ‘Coomera Waters’ is a relatively new residential development on the Gold Coast 
spanning 496ha with approximately 1,200 dwellings. ‘Coomera Waters’ has been constructed 
around a 17 ha lake and ecologically significant natural Melaleuca wetlands. Gold Coast is 
situated in a subtropical climate zone which is subjected to sporadic heavy storms during the 
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summer months with an annual average rainfall of 1433 mm. The three catchments are 
provided with a range of treatment devices in order to protect the receiving water environment 
from stormwater pollution (Parker et al. 2009). Fig. 1 shows the three study catchments (A, B 
and C), and their key characteristics such as area, impervious fraction and slope. 
 
 
Fig. 1, Study catchments 
Data collection and testing 
The three catchments have been continuously monitored for rainfall, runoff and water quality 
from 2007 to 2012. Automatic monitoring stations were established at each catchment outlet 
to record flow measurements and to collect stormwater runoff samples for quality testing. 
Flow measurements were undertaken at 20 second frequency using calibrated V-notch weirs. 
Water sample collection was undertaken using stage triggered, peristaltic pumping samplers 
capable of collecting up to 24 samples per runoff event. Additionally, tipping bucket rain 
gauges were also installed in the study catchments to collect rainfall data. 
Discrete stormwater runoff samples were collected to investigate the variation in water 
quality during a stormwater runoff event. The samples collected were tested for total 
suspended solids (TSS), total nitrogen (TN) and total phosphorous (TP), which are the 
common stormwater pollutants. Sample testing was undertaken according to test methods 
specified in Standard Methods for the Examination of Water and Wastewater (APHA 2005). 
Sample collection, transport and storage complied with Australia New Zealand Standards, 
AS/NZS 5667.1:1998 (AS/NZS 1998).  
Catchment B: 1.0ha; steep slope; 47% impervious 
surfaces (0% is roads and 47% is roof) 
Catchment C: 0.7ha; mild slope; 
52% impervious surfaces (15% is 
roads and 37% is roof) 
 
Catchment A: 4.4ha; steep slope; 
48% impervious surfaces (22% is 
roads and 26% is roof) 
Monitoring stations  
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The criteria adopted for the selection of suitable rainfall events for the research study 
included the appropriateness of the antecedent dry period between events and the average 
recurrence interval of the event and the samples collected being representative of the runoff 
event. A total of 13 rainfall events were selected for analysis after careful assessment of the 
available data. However, rainfall-runoff records and water quality data for the 13 rainfall 
events was not available for all of the three catchments individually. Three events were 
common for all three catchments, while the rest of the events comprised of data suitable for 
one or two catchments. Accordingly, considering the catchments individually, the total 
number of sampling episodes selected for analysis amounted to 23 rainfall events.  
Data analysis 
Considering the nature of the data matrix created and the envisaged data analysis, 
PROMETHEE and GAIA multivariate tools were used. PROMETHEE is a multicriteria 
decision making method (MCDM) that ranks actions according to a set of specific criteria and 
thresholds. The PROMETHEE method uses a pair-wise comparison system in which each 
action (in this study, events) is compared to all the other actions one-on-one. The comparison 
is defined by the preference function, with thresholds and weightings adopted by the decision 
maker. PROMETHEE establishes preference flow (Φ) for each action and rank these actions 
based on preference flow. Detailed description of the PROMETHEE method can be found 
elsewhere (for example Keller et al. 1991; Khalil et al. 2004).   
GAIA (geometrical analysis for interactive aid) is a descriptive complement to the 
PROMETHEE method. It uses the concepts of principal component analysis (PCA) to 
decompose the net preference flow (φ) into principal components. In contrast to PCA, GAIA 
can perform with reasonable reliability even with a low number of actions (objects in PCA) 
(Mareschal & Brans 1988). The capability for analysing small data sets was a reason for 
selecting PROMETHEE and GAIA over PCA for this study.  
Results and Discussion 
First flush analysis using graphical methods 
Data processing was initially performed using graphical analysis of cumulative pollutant mass 
(M) vs cumulative runoff volume (V) curves (referred to as MV curves). MV curves formed 
the basis of first flush analysis undertaken by Saget et al. (1996) and Gupta and Saul (1996) 
where they defined lumped first flush indicators such as maximum divergence from bisector 
line based on the of MV curve. The MV curve graphically demonstrates the deviation of the 
concentration from the event mean concentration (EMC) based on the change of gradient with 
respect to the bisector line which represents the EMC. Curves having a gradient higher than 
the bisector line at the initial portion of a runoff event indicates first flush occurrence.  
Fig. 2 below illustrates the MV curves derived for Catchment A. As evident in Fig. 2, the 
MV curves derived for Catchment A demonstrates first flush occurrence for all the 
investigated storm events except event A9. However, the MV curves given in Fig. 2 show 
significant differences in shape, illustrating significant variability in first flush characteristics. 
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Curves representing events A4 and A6, show high magnitude first flush behaviour due to the 
high gradient at the initial stage in comparison to the bisector line. Events such as A8 
demonstrate low magnitude first flush while event A9 demonstrates no first flush. 
Unfortunately, the qualitative interpretation of the shape of the MV curve has limited value in 
first flush analysis. First flush analysis requires mathematical representation of the behaviour 
characteristics of the MV curve to be of value in stormwater treatment design.  
 
Figure 2, MV curve for the investigated events for Catchment A 
First flush analysis using LV indicators 
In this study, a novel set of indicators were introduced to evaluate the first flush behaviour. 
This was by defining ten equidistant points of cumulative runoff volume as illustrated in Fig. 
3 below. For each point in the cumulative volume axis, the respective cumulative pollutant 
load was extracted and adopted as an indicator For example, cumulative pollutant load 
corresponding to 20% cumulative runoff volume was labelled as indicator LV20. 
Accordingly, LV indicators (nine per each event from LV10 to LV90) were extracted for the 
23 storm events investigated in the study. 
The creation of multiple indicators to investigate first flush behaviour led to the use of 
multivariate analytical tools PROMETHEE and GAIA for data analysis. For the analysis, 
events were selected as actions and LV indicators were selected as criteria. The V shape 
preference function (as per PROMETHEE criteria) was selected for the analysis with 
thresholds set as the maximum value of each criterion. The resulting GAIA biplot is shown in 
Fig. 4. In Fig. 4, LV indicators are represented as vectors while rainfall events representing 
Catchments A, B and C are shown as data points. The data points are labelled to indicate the 
catchment and event number (for example, C6 is event 6 for Catchment C).  
 
B 
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Fig. 4, GAIA biplot representing first flush and rainfall parameters 
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As evident in Fig. 4, LV variable vectors are loaded in anticlockwise pattern starting from 
–vePC2 to +vePC2 axes from LV10 to LV90. LV10 shows a strong correlation with LV20, 
some correlation with LV30, and no correlation with LV40. This indicates that the cumulative 
solids load washed-off during 10% of the runoff volume influence wash-off till the 
cumulative load reaches 40% of the runoff volume. This conclusion is based on the fact that 
the composition of LV indicators is cumulative. For example, LV20 is the combination of the 
wash-off till 10% of the runoff volume (LV10) and the 10 to 20% segment of runoff volume. 
However, the deviation of LV20, LV30 and LV40 from the LV10 vector suggests possible 
differences in wash-off characteristics between the first 10% of the runoff event and 
subsequent wash-off from 10% to 40% of the runoff volume. It can be postulated that the first 
10% of the runoff volume contain a high fraction of free solids which are readily available for 
wash-off, while 10 to 40% of the runoff volume contain solids which require significant 
rainfall kinetic energy to mobilise pollutants (Egodawatta et al. 2007; Miguntanna et al. 2013; 
Vaze & Chiew 2002;). 
In Fig. 4, the length of the vectors decrease in the sequence of LV10 to LV90, indicating 
that the wash-off during the initial part of a storm event is the most influential in relation to 
first flush. Therefore, it can be concluded that the percentage of wash-off load during the first 
10% of the runoff volume indicated by the longest vector play a significant role in influencing 
first flush for any given event. Based on the fact that the influence of wash-off in the first 
10% diminishes when it reaches cumulative runoff volume of 40%, it can be considered that 
the effect of first flush lasts until 40% of the runoff volume. This provides an important 
insight into first flush behaviour which can contribute to the design of structural stormwater 
treatment measures. Based on the above conclusion, it is clearly evident of the need for the 
selection of design specifications so that the initial 40% of the volume of a storm event should 
be accommodated in the treatment system in order to maximise the treatment performance. 
Furthermore, in Fig. 4 objects are primarily spread along the PC1 axis with variables 
loading on PC2 axis. Since LV10 to LV40 vectors are pointed towards +vePC1 axis, the 
objects located on +vePC1 can be considered as having high magnitude first flush. This can 
be confirmed by the location of A4 and A6 events in this cluster with high +vePC1 loadings. 
The objects located in close vicinity to A4 and A6 are grouped as Cluster A. In contrast, 
events A9 and B13 which are grouped as Cluster C are located a distance away on the 
–vePC1 axis and separated from other events. Since these events are located opposite to 
Cluster A, Cluster C can be termed as having no first flush. This can be confirmed by the 
placement of event A9 in Cluster C, where the event was already identified as a non first flush 
event in the graphical analysis discussed above. Events which does not belong to Cluster A or 
C form their own cluster and can be termed as events with low magnitude first flush (Cluster 
B). This is due to their placement between Cluster A and Cluster C and negative loading on 
PC1 axis. The ability to cluster rainfall events based on the characteristics of first flush 
illustrates the versatility of LV indicators in first flush analysis.  
In order to differentiate the characteristics of first flush for events in Cluster A, B and C, 
the average gradient of the MV curve was determined for each LV segment. The analysis 
revealed that the highest positive gradient for Cluster A and B events occur between 0% to 
20% and 20% to 40% of the runoff volume, respectively. For Cluster C events, highest 
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positive gradient occur between 70 to 90% of the runoff volume. This further confirms the 
importance of targeting the first 40% of the runoff volume for treatment.  
The outcomes of the analysis undertaken confirm that the wash-off process varies during 
a rainfall event and it can result in events with high magnitude first flush, low magnitude first 
flush and events without first flush. The characteristics of the rainfall event, including rainfall 
intensity, duration and temporal distribution are the key parameters influencing first flush 
occurrence (Liu et al. 2012).  
Conclusions 
The study outcomes demonstrated the importance of selecting interval indicators (LV) for first 
flush analysis. The indicator set (LV10 to LV90) performed well in describing the first flush 
phenomenon compared to conventional indicators used in past research studies. The study 
outcomes also provide the following important insight into the first flush phenomenon: 
• Wash-off during the first 10% of the runoff volume plays a significant role in generating 
first flush. Its impact diminishes as the cumulative runoff volume reaches 40%.  
• Consequently, it can be concluded that the effect of first flush lasts until 40% of the 
runoff volume. Accordingly, this highlights the importance of targeting the initial 40% of 
the runoff volume for the design of effective stormwater treatment measures.  
• Stormwater runoff and resulting pollutant wash-off events can include either a high or 
low magnitude first flush or the absence of first flush.  
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